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When a light scalar field with gravitational strength interacts with matter, the weak equiv-
alence principle is in general violated, leading for instance to a violation of the universality
of free fall. This has been known and tested for a while. However, recent developments [Mi-
nazzoli & Hees, PRD 2016] showed that a novel manifestation of the universality of free fall
can appear in some models. Here we discuss this new scenario and expose how we intend to
constrain it with INPOP ephemeris.
1 Introduction
Massless or light scalar-fields with gravitational strength that directly couple to matter are
expected in the context of string theory 1,2. A consequence of this type of fields would be that
the Equivalence Principle (EP) is violated1,2. More precisely, the Einstein Equivalence Principle
(EEP) would be violated, with several manifestations, such as violations of the Local Position
Invariance (LPI) as well as violations of the Universality of Free Fall (UFF) — also known as
Weak Equivalence Principle (WEP).
The most precise tests of the UFF have been made by comparing the free fall accelerations
of different test bodies 3. It is usually thought that the relative acceleration (at the Newtonian
level) between two bodies that are equidistant from the source of gravity reads as follows 4
∆a
a
≡ 2
a1 − a2
a1 + a2
=
[
mG
mI
]
1
−
[
mG
mI
]
2
= ∆
[
mG
mI
]
, (1)
where mG and mI are the gravitational and inertial masses of each body respectively. However,
recent phenomenological developments suggest that it may actually be more complicated than
that in some situations5,6, as we shall see bellow. In any case, the planetary and lunar ephemeris
INPOP7,8 is an ideal tool in order to implement EP tests.
2 Brief description of INPOP
INPOP (Inte´grateur Nume´rique Plane´taire de l’Observatoire de Paris) is a planetary ephemeris
that is built by integrating numerically the equations of motion of the solar system, and by
adjusting to lunar laser ranging and space missions’ observations7,8,9. In addition to the classic
planetary and lunar fitted parameters, one can add parameters encoding deviations from general
relativity. These parameters can be adjusted simultaneously with all the others in a global fit.
With this method, good constraints were put on the PPN parameters9 — using Mercury orbiter
data (MESSENGER) 10, but also by considering a Monte Carlo exploration of the solutions’
space 9. The same methods can be used for adjusting the new parameters described in this
work.
3 Acceleration at the Newtonian level
Considering a general scalar-tensor theory with non-minimal scalar-matter coupling (that cannot
be gauged away by a metric redefinition such as a conformal or a disformal transformation), it
has recently been shown that the acceleration of a body, say T , reads 5,6
aT = −
∑
A 6=T
GmGA
r3AT
rAT (1 + δT + δAT ) , (2)
where rAT = xT − xA. The coefficients δT and δAT parametrize the violation of the UFF. G
is the “measured” constant of Newton and mGA is the “gravitational” mass of the body A. It is
important to have in mind that G and mGA are not the constant of Newton and the mass that
appear in the fundamental action 5,6. One notably has mGA = (1 + δA)m
I
A, where m
I
A is the
inertial mass of the body A 5,6. As a consequence, from equation (2), one can check that the
gravitational force in this context still satisfies Newton’s third law of motion:
mIAaA =
GmIAm
I
B
r3AB
rAB (1 + δA + δB + δAB) = −m
I
BaB. (3)
In general, δT can be decomposed into two contributions: one from a violation of the WEP and
one from a violation of the Strong Equivalence Principle (SEP):
δT = δ
WEP
T + δ
SEP
T , where δ
SEP
T = η
|ΩT |
mT c2
, (4)
where Ω and mc2 are the gravitational binding and rest mass energies respectively, while η
is the so-called Nordtvedt parameter. On the other side, δWEPT depends on both the scalar-
matter coupling parameters and on the dilatonic charges2,5,6. In most cases, if δWEPT 6= 0, then
δWEPT ≫ δ
SEP
T , such that one can usually test either the WEP (discarding SEP violations), or
the SEP (discarding WEP violations).
As the parameter δWEPT , δAT depends on both the scalar-matter coupling parameters and on
the dilatonic charges 5,6. In most situations, δWEPT ≫ δAT . However, it is not necessarily true
when the scalar-matter coupling is the same in each sector of particle physics. In that situation,
one can have δWEPT . δAT
5,6. It is noteworthy that such kind of universality has already been
suggested in the context of string theory 1.
The important thing to notice with δAT , is that it depends not only on the composition of
the falling body, but also on the composition of the body that is source of the gravitational field
in which the body T is falling. As a consequence, the relative acceleration of two test particles
cannot only be related to the ratios between their gravitational to inertial masses.
4 The Earth-Moon system
At the Newtonian level, the relative acceleration between the Earth and the Moon reads
aM − aE = −
Gµ
r3EM
rEM +Gm
G
S
[
rSE
r3SE
−
rSM
r3SM
]
+GmGS
[
rSE
r3SE
(δE + δSE)−
rSM
r3SM
(δM + δSM )
]
,
(5)
With µ ≡ mGM + m
G
E + (δE + δEM )m
G
M + (δM + δEM )m
G
E . With ephemeris, the first term of
equation (5) does not lead to a sensitive test of the UFF, because it can be absorbed in the
fit of the parameter mGM +m
G
E .
4 The last term, on the other side, does. At leading order, one
can approximate both distances appearing in this last term as being approximately equal. One
therefore has
∆aU¯FF ≡ (aM − aE)
U¯FF ≈ GmGS
[
rSE
r3SE
(δE + δSE)−
rSM
r3SM
(δM + δSM )
]
,
≈ aE [(δE + δSE)− (δM + δSM )] , (6)
where ∆aU¯FF is the part of the relative acceleration between the Earth and the Moon that
violates the UFF. When δSM = δSE , one recovers the usual expectation, that is
4
∆aU¯FF ≈ aE
[(
mG
mI
)
E
−
(
mG
mI
)
M
]
. (7)
The results from the comparison of the numerical integration of Eq. (2) to the measure-
ment of the Earth-Moon distance via Lunar Laser Ranging will be published in a dedicated
communication.
As one can see, there are more parameters than equations of motion. Therefore, the Earth-
Moon system alone constrain a specific combination of these parameters only. In consequence,
it may be useful to take advantage of the many bodies that are in the solar system.
5 Planetary orbits
One can show that the parameters δA and δAT mostly depend on six fundamental (or semi-
fundamental) parameters — related to the couplings between the scalar field and each sector of
particle physics 2,5,6. As a consequence, in order to constrain those parameters — naively —
one needs to observe at least 6 falling bodies, with sensible different compositions. Therefore,
one may use solar system observations in order to constrain those parameters individually —
although with a weaker accuracy than what can be achieved with the Earth-Moon system alone.
6 Acceleration at the post-Newtonian level
At current level accuracy for Solar system observations (e.g. ∼ 1cm/20yrs for the Moon and
∼ 1m/20yrs for Mars), one has to deal with the full post-Newtonian (pN) equation of motion.
In the present context, it reads 5
aT =−
∑
A 6=T
GmGA
r3AT
rAT (1 + δT + δAT ) (8)
−
∑
A 6=T
GmGA
r3AT c
2
rAT
{
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2
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3
2
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)
−
1
2
rAT .aA
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∑
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rTB
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∑
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rAB
}
+
∑
A 6=T
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c2r3AT
[2(1 + γ)rAT .vT − (1 + 2γ)rAT .vA] (vT − vA) +
3 + 4γ
2
∑
A 6=T
GmGA
c2rAT
aA ,
where γ and β are the usual pN parameters. dβX is a new parameter that depends on the
composition of the body X. It indicates how non-linear is the scalar-matter coupling 5. We do
not expect that it plays a significant role in the pN dynamics though 5. All those parameters
can be expressed in terms of some of the fundamental parameters discussed in the previous
section 5,6.
7 Conclusion
The solar system is ideal in order to constrain possible non-minimal couplings between gravity
and matter. Here we discussed one such potential couplings, where one gravitational (massless
or light) scalar field couples multiplicatively with different sectors of particle physics. Thanks to
current and future advances in the solar system exploration, one can expect to greatly increase
the accuracy of solar system EP tests in a foreseeable future. Based on the equations of motion
presented here, the INPOP software developed at both the Paris and Nice observatories will
allow such tests.
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